Increasingly significant variational effects present a great challenge for delivering desired clock skew reliably. Nontree clock network has been recognized as a promising approach to overcome the variation problem. Existing non-tree clock routing methods are restricted to a few simple or regular structures, and often consume excessive amount of wirelength. In this paper, we suggest to construct a low cost nontree clock network by inserting cross links in a given clock tree. The effects of the link insertion on clock skew variability are analyzed. Based on the analysis, we propose two link insertion schemes that can quickly convert a clock tree to a non-tree with significantly lower skew variability and very limited wirelength increase. In these schemes, the complicated non-tree delay computation is circumvented. Further, they can be applied to the recently popular non-zero skew routing easily. Experimental results on benchmark circuits show that this approach can achieve significant skew variability reduction with less than 2% increase of wirelength.
INTRODUCTION
In synchronous VLSI designs, the quality of a clock network is vitally important, since the pace of almost every data transfer is coordinated by clock signals (or clock skew which is the difference of clock signal delays among clock sinks). Moreover, as one of the largest nets and one of the most frequently switching nets at the same time, the clock network has paramount influence on both energy efficiency and power/ground noise [1] . Therefore, the objective of clock network design has long been delivering zero clock skew [2] or useful non-zero skew [3] with the minimum size/wirelength [4] .
When VLSI technology enters ultra-deep submicron era, many variation effects start to manifest strongly and may deviate the clock skew from its desired value. The variation factors include manufacturing process variations [5, 6] , power/ground noise [7] and ambient temperature variations. The unwanted skew variations are not only harmful to timing performance but also difficult to control, because reliable estimations on the variations are generally not available during the stage of clock network design. Aimed to solve the skew variation problem, numerous clock routing works have been proposed [8] [9] [10] [11] [12] [13] . Among these works, non-tree topology [9] [10] [11] [12] [13] is a promising approach, since a clock signal that propagates through multiple paths can compensate each other on variations. Existing non-tree clock networks can be categorized as 1-dimensional structure [9, 12] and 2-dimensional structure [10, 11, 13] . One early non-tree clock routing work [9] is a 1-dimensional approach (see Figure 1(a) ). In the method of [9] , a fat metal piece, which is called center chunk, is placed in each subregion and the sinks in each subregion are connected to it directly. A center chunk is driven by a binary tree from the clock source. Since a center chunk is fat and driven at mul-
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tiple points, the skew between any two points on it is negligible. Another similar approach is the spine method [12] which is employed in P entium T M 4 microprocessor and illustrated in Figure 1(b) . Obviously, a spine in [12] plays a role similar to the center chunk in [9] . One limitation of the 1-dimensional structures is that the variation of skew between different regions are not handled. The 2-dimensional non-tree structure is also called mesh which can be at either leaf level (close to clock sinks) or top level (close to the clock source). In the leaf level mesh approach [10, 11] (Figure 1(c) ), a metal wire mesh is overlaid on the entire chip area and driven at multiple points directly from the clock source [10] or through a routing tree [11] . Each clock sink is connected to the nearest point on the mesh. This technique has been proved to be very effective on suppressing skew variations in microprocessor designs. A leaf level mesh normally consumes enormous wire resources and power. Moreover, it is hard to be integrated with clock gating, which is a major low power technique. Therefore, its application is mainly restricted to high-end products such as microprocessors. In contrast, a top level mesh (Figure 1(d) ) may consume less wire and power. In the top level mesh approach [13] , the clock source drives a coarse mesh directly and clock subtrees are attached to the mesh. The skew variations on the mesh are negligible, but skew variations within each subtree still exist. Most recently, a multi-level mesh approach is also proposed [14] .
Even though several non-tree schemes have been suggested and applied in realistic designs, there are still some important questions without clear and thorough answers.
• Why can a non-tree network achieve lower skew variability compared with a tree? Existing answers are based on either common sense or empirical simulation results. However, no theoretical or rigorous explanation has been provided yet.
• Does a non-tree clock network have to be a regular structure? If this restriction is relaxed, a huge solution space of non-tree topology can be explored. The poor tractability of timing performance in an arbitrary nontree needs to be solved before it is utilized.
• What is the most efficient usage of wire resource for reducing skew variability? Existing non-tree methods often consume excessive amount of wirelength and power. For example, the top level meshes in [13] result in 59%−168% more wire area than trees. High expense on wire and power is rarely acceptable in ordinary chip designs except for a few high-end products. Therefore, low cost non-tree networks are strongly needed, particularly for ASIC designs.
• Can non-tree topology be applied to achieve useful non-zero skew efficiently? Useful non-zero skew routing [8, 15] becomes more important for the sake of timing [3] and power/ground noise reduction [1] .
In this work, efforts are made toward solving the above problems. We propose another framework of non-tree network which is constructed by inserting cross links in a clock tree. An analysis on impact of link insertion on skew variability is performed. The result of this analysis partially explains the reason why a non-tree may work better than a tree on skew variation reduction. In this structure, cross links can be inserted where they are most effective, so that a great wire efficiency can be obtained. Moreover, links can be applied to achieve low variation non-zero skew easily. We suggest link insertion schemes that can quickly convert a clock tree to a non-tree with significantly lower skew variability and very small increase of wirelength. This method provides a low cost alternative to the existing non-tree methods. Monte Carlo simulations on benchmark circuits show that our method can achieve remarkable skew variability reduction with less than 2% increase of wirelength. In this section, delay and skew variation of a non-tree RC network will be analyzed. The Elmore delay model is employed due to its high fidelity and ease of computation. A SPICE simulation is performed on a simple case to verify a conclusion from the Elmore delay model.
SKEW IN RC NETWORKS

Delay in RC Networks
A non-tree RC network can be represented by a graph G = (V, E) with the node set V composed by the source, sinks and internal nodes. The Elmore delay at node i in an RC network is given by ti = È j Ri,j Cj where Cj is the ground capacitance at node j. The transfer resistance Ri,j is equal to the voltage at node i when 1A current is injected into node j and all other node capacitors are zero [16] . The RC network can be decomposed to a spanning tree T = (V, ET ) and a set of link edges E l such that E = ET ∪ E l . As an alternative approach [17] easier for analysis, the delay from the source to each node can be evaluated by starting with delays in the tree T and then incrementally inserting every link edge in E l .
In Figure 2 , a network is indicated by the solid lines and a cross link is inserted between node u and w. If the link has a wire resistance of R l and wire capacitance of C l , the link insertion can be decomposed to inserting a resistor of R l between u and w and adding a capacitor of
at node u and w. Adding link capacitors does not change the network topology, thus its effect can be estimated easily. If the Elmore delay from the source to any sink i is ti before the link insertion, the delayti after only adding the link capacitors is given by:t
The impact of the link resistance R l can be analyzed by using the technique [17] by Chan and Karplus. According to [17] , the delay at node i is changed fromti toti given by:
where ri,ru and rw are equal to the Elmore delay at i, u and w, respectively, when Cu = 1, Cw = −1 and the other node capacitances are zero.
Skew Variability Between Link Endpoints
If a link is inserted between node u and node w, let us first look at its impact on skew between u and w. If the delay from the source to u and w are tu and tw, respectively, the skew between them is qu,w = tu − tw. According to Equation (1) and Equation (2), the skewqu,w after the link insertion is:
The effect of the link capacitance C l and the link resistance R l can be separated. The link capacitance often changes the skew value as the value of Ru,u is often different from Rw,w.
The effect of the link resistance R l can be found by neglecting C l and the following equation.
Thus, the effect of R l depends on the value of qu,w. A case of our special interest is when the nominal skew between u and w is zero. In this case, R l does not affect the nominal skew and qu,w may represent the unwanted skew due to variations. Then, we can reach the following useful conclusions. Proof: See [18] . Lemma 1 and Lemma 2 are based on the Elmore delay model which is often criticized for its inaccuracy and particularly for neglecting the resistive shielding effect [19] . However, the resistive shielding effect is prominent only at nodes close to the source while clock sinks are generally far away from the source node. Hence, the inaccuracy of Elmore delay at clock sinks has little influence on the delay consistency. A SPICE simulation is performed on a simple case to verify Lemma 2 and demonstrate the fidelity of the Elmore delay model. In this simple case, a source drives two sinks with equal capacitance through two 100µm long wires parallel with each other. We let the driver resistance, wire width and the sink capacitance have ±15% variation following a normal distribution. Skew variations between the two sinks are obtained when a link is inserted between two parallel wires at 20µm, 40µm, 60µm, 80µm and 100µm away from the source. The size of the link is constant in each test. The worst case skew and the standard deviation of skew variation from both SPICE model and the Elmore delay model are plotted in Figure 3 . This plot shows that there is strong correlation between SPICE results and the Elmore delay results. In addition, the SPICE simulation results support the conclusion of Lemma 2.
Skew Variability Between Any Equal Delay Nodes
From Equation (1) and (2), the skew between two arbitrary node i and j after inserting link between u and w is:
Evidently, the link capacitance C l usually changes the nominal skew. If only the link resistance R l is considered, the skew becomes:
We consider the case where the nominal skew is zero between u and w as well as i and j. In this case, R l does not affect the nominal skew between i and j. Further, both qu,w and qi,j can be treated as skew variations. Then, Equation(6) can be interpreted as that qu,w is scaled by r i −r j R l +ru−rw and added to qi,j . Whether the magnitude of qi,j is reduced depends on the signs of qu,w, qi,j and ri − rj.
If we consider in the context of inserting links in a tree T = (V, ET ), the node u is in a subtree T f ⊂ T and the node w is in another subtree Tg ⊂ T as shown in Figure 2 . The root nodes of T f and Tg are the two child nodes of the nearest common ancestor node p between u and w. The effect of R l on qi,j depends on the locations of i and j in T and can be analyzed in three scenarios as follows. Scenario 1: One of i and j is in subtree T f and the other is in subtree Tg, ex., i ∈ T f and j ∈ Tg. Since i and u are in the same subtree, their delay ti and tu have certain correlation with respect to tj or tw. Similarly, delay tj is more correlated with tw than with ti or tu. Therefore, there is certain correlation between qi,j and qu,w. If the correlation is sufficiently strong, qi,j and qu,w usually have the same sign. As ru − rw ≥ ri − rj ≥ 0 (proof is similar to Lemma 1), the link resistance may reduce the variability of skew between i and j. In a special case, when i is u and j is w, i.e., qi,j and qu,w have perfect correlation, the link resistance always reduces skew variability as stated in Lemma 1.
Scenario 2: Both i and j are in the same subtree T f or Tg. In this scenario, ri and rj have same sign and
is generally smaller than 0.5. Thus, the skew variation between i and j is increased or decreased by a small fraction of |qu,w|. Since i and j are in the same subtree, their skew variation in original tree is usually not large either.
Scenario Figure 2 . If node j is disjoint with Gp, there is not any overlap between any source-to-j path and Gp. Hence, rj = 0 and there is no predictable correlation between qi,j and qu,w. In the worst case of signs, qi,j has a sign opposite to qu,wri. Since the nominal skew between u and w is zero, ru ≈ −rw ≈ |ri| in general. Therefore, approximately speaking, R l may increase or decrease the skew variation between i and j by a half of the skew variation between u and w.
In summary, the link resistance R l usually reduces skew variability in scenario1, may increase skew variability a little in scenario2, and may increase skew variability more in scenario3.
LINK INSERTION BASED NON-TREE CLOCK ROUTING
Algorithm Overview
Our objective is to design a clock routing algorithm that can achieve low skew variability and low wire consumption. Based on the analysis in Section 2, we propose to construct the clock network by inserting cross links in a clock tree. In this incremental approach, many existing clock tree routing algorithms [4] can be utilized and the non-tree clock routing problem becomes more manageable. Each link insertion can be decomposed to adding two link capacitors to its endpoints and inserting a link resistor. The nominal skew change due to the link capacitance can be removed by tuning tapping points as in [2] . An example of the tuning is shown in Figure 4 . Even though the tuning is based on the Elmore delay model, its basic idea can be applied with any delay model. We add link capacitance to all selected node pairs simultaneously and perform the tuning only once at each tapping point before inserting link resistors. The tunings proceed in a bottom-up traversal of the clock tree as in [2] . After the tuning, the link resistance can be inserted to the selected node pairs. According to Section 2, the link resistance does not affect nominal skews if its two endpoints have zero nominal skew before the link resistance insertion.
Our algorithm flow can be summarized as: 1. Obtain initial clock tree. 2. Select node pairs where cross links will be inserted. 3. Add link capacitance to the selected nodes. 4. Tune tapping points to restore the original skews. 5. Insert link resistance to the selected node pairs.
Selecting Node Pairs for Link Insertion
In the algorithm flow, the major problem is how to choose the node pairs for link insertions. We always choose node pairs with zero nominal skew so that no nominal skew is affected by the link resistance. We also prefer node pairs close to each other so that the link capacitance C l is small and less wire snakings may happen in tuning tapping points. Based on the analysis in Section 2, we investigate a rule based selection scheme and a minimum weight matching based selection scheme.
Rule Based Selection Scheme
The rule based approach is derived directly from Equation (3) and Lemma 2 in Section 2.2. The conclusions in Section 2.3 are less rigorous than those in Section 2.2 and hard to be translated to clear rules. Lemma 2 indicates that the skew variability reduction for a pair of sinks is greater when the link is closer to the sinks. Therefore, we restrain the node pairs to be sink pairs for zero skew routing. In addition, we specify the following rules on how to select node pair u and w for link insertions. The rationale of these rules is discussed in [18] .
α rule: In the initial tree, R loop = R l + ru − rw is the total resistance along the loop of p ; u ; w ; p. This rule requires that α = (Ru,u − Rw,w)| ≤ βmax where βmax is a user specified bound.
γ rule: A node pair can be characterized by the depth γ of their nearest common ancestor(NCA) node in the original tree. For the example in Figure 2 , the NCA p of r and b has depth 2. Lemma 2 implies that the value of γ needs to be less than or equal to a bound γmax.
Minimum Weight Matching Based Selection
According to Lemma 1, when a link resistance is inserted between a pair of nodes, it always reduces skew variation between them. However, the effect of this link on skew of other node pairs is very subtle.
According to Section 2.3, scenario 3 needs to be avoided, since a link between u and w in a subtree Tp may hurt the variability of skew between a sink in Tp and a sink outside Tp. If a node pair is characterized by the depth γ of their nearest common ancestor node in the original tree, scenario 3 can be avoided by choosing node pairs with γ = 1. For example, links between subtree Tp and subtree T d in Figure 2 can avoid scenario 3, since there is no sinks outside of T h . Therefore, we always need node pairs with γ = 1.
Links inserted between subtree T d and subtree Tp often improve skew variability between sinks between T d and Tp according to the analysis of scenario 1. However, these links may increase skew variability between sinks within T d or Tp as discussed in scenario 2. These degradation can be compensated if links are inserted between sub-subtrees within subtree T d or Tp. In other words, node pairs of γ = 2 need to be considered. This procedure can be repeated recursively till γ is sufficiently large. The subtrees corresponding to large γ are mostly small and the skew variability inside is usually insignificant. The main algorithm description on this recursive procedure is given in Figure 5 . A subproblem to be solved is how to select node pairs between two subtrees T l and Tr. This is the subroutine P airBetweenT rees(T l , Tr) in line 3 of Figure 5 . We decompose each subtree into k sub-subtrees and select k node pairs between sub-subtrees in T l and sub-subtrees in Tr. This problem can be modeled in a bipartite graph and solved by the minimum weight matching algorithm. If the subtree T l is decomposed to sub-subtree set S l = {T l1 , T l2 , ...T lk } and Tr is decomposed to Sr = {Tr1, Tr2, ...T rk }, each node in the bipartite graph corresponds to a sub-subtree. There is an edge between each node in S l and each node in Sr. The edge weight between a sub-subtree pair T li and Trj is the Manhattan distance between the nearest sink pair u ∈ T li and w ∈ Trj. An example of the bipartite graph with k = 4 is shown in Figure 6 . The minimum weight matching result may select a set of node pairs between S l and Sr with the minimum total link length. The rationale behind this scheme is to distribute the links evenly in a subtree such that the scenario 2 effect is reduced.
Procedure: SelectNodeP airs(Tv)
Input: Subtree Tv rooted at node v Output: Node pair set P 1. l ← left child node of v 2. r ← right child node of v 3. P ← P airBetweenT rees(T l , Tr) 4. If Depth(v) == DepthLimit, return P 5. P ← P ∪ SelectNodeP airs(T l ) 6. P ← P ∪ SelectNodeP airs(Tr) 7. Return P
Non-zero Skew Routing
The link insertion based non-tree clock routing can be easily extended to achieve non-zero skews. Node pairs can be selected same as in Figure 5 . If a sink pair (a, c) have non-zero nominal skew qa,c = ta − tc > 0, a link can be inserted between sink c and a point k in the parent edge of a such that nominal delay tc = t k as illustrated in Figure 2. 
EXPERIMENTAL RESULTS
The experiments are performed on a Linux machine with dual 1GHz AMD microprocessor and 512M memory.
The benchmark circuits are r1-r5 downloaded from GSRC Bookshelf (http : //vlsicad.ucsd.edu/GSRC/bookshelf /Slots/BST /). The variation factors considered in the experiments include the clock driver resistance, wire width and each sink load capacitance. We let the driver resistance, wire width and the sink capacitance have ±15% variation following a normal distribution. In the experiments, the skew variations and wirelength are compared among clock trees, tree+links and leaf level meshes. For each clock network, a Monte Carlo simulation of 1000 trials is performed to obtain the maximum skew variation (MSV) and the standard deviation (SD) of skew variations. A skew variation is the maximum sink delay minus the minimum sink delay in a trial.
The clock trees are obtained by running the BST [20] code which is also downloaded from the same website of GSRC Bookshelf. When running the BST code, the global skew bound is set to 0 so that zero skew clock trees are obtained. The size of benchmark circuits, skew variations and wirelength of clock trees are given in Table 1 . We implemented the proposed link insertion based methods and leaf level mesh methods to construct non-tree networks including four variants:
• Link-R: The proposed link insertion based non-tree, with rule based node pair selection.
• Link-M: The proposed link insertion based non-tree, with the minimum weight matching based node pair selection.
• Mesh-S: sparse leaf level mesh driven by an H-tree.
• Mesh-D: dense leaf level mesh driven by an H-tree. The experimental results on these four variants are shown in Table 2 . The value of the maximum skew variation(MSV), standard deviation(SD) and wirelength are expressed as the ratio with respect to the results of clock trees.
In Link-R, the rules are αmax = 0.1, βmax = 10 for r1-r3, βmax = 50 for r4 and r5, and γmax = 1. These rules are chosen empirically as they yield relatively low variation results. In Link-M, k = 2 for γ = 1 for r1 and r2, i.e., 2 links are inserted at the level of γ = 1. Since r3 is larger, k = 4 at γ = 1 is applied. Testcase of r4 and r5 are the largest, hence, we insert links with k = 2 at level γ = 2 in addition to 4 links at γ = 1.
The observations from Table 2 include:
• The minimum weight matching based link method is always superior to the rule based method on both variability and wirelength. For this reason, we skip results of rule based method with other rule parameters.
• A dense mesh always yields less variations than a sparse mesh, but consumes more wirelength as expected. • All four variants work better on larger nets than on smaller nets. For a large net, a tree is dense in term of the number of wire segments, therefore redundant signal propagation paths can be established with less efforts. In other words, a link of same size has more chance to short two tree segments in a denser tree (or larger net) than in a sparser tree (or smaller net).
• Except for r1, a mesh usually provides lower skew variability than a link based non-tree. However, the wire increase of a mesh is much greater than a link based non-tree. For all solutions from Link-M, the wirelength increase over a tree is never greater than 2%.
• The method of Link-M results in 32% − 74% reduction on the maximum skew variation, and 10% − 86% reduction on the standard deviation, except for r1. Considering less than 2% wire increase, such significant improvement indicates great wire usage efficiency. The CPU time in seconds are displayed in the rightmost column in Table 2 . The CPU time for link insertion includes the time for node pair selection and tuning tapping points. Even though the CPU time of link insertion is usually greater than constructing a mesh, it is still negligible, especially compared with the time of clock tree construction.
An experiment on non-zero skew routing is performed on r1. The result shows that Link-M reduces standard deviation by 11% over tree with 2% increase on wirelength. A dense mesh reduces standard deviation by 15% with 179% increase on wirelength.
CONCLUSION AND FUTURE WORK
In this paper, a low cost non-tree clock routing method is proposed to reduce skew variability. The non-tree network is obtained by inserting cross links in a given clock tree. The effect of link insertion on skew variation is analyzed. Based on the analysis, link insertion algorithms are developed. Experimental results show that this method can reduce skew variations remarkably with little extra wire resource. This method can be applied to achieve low variation non-zero skew as well.
This work is one step further toward harnessing the challenging skew variation problem. Its accuracy can be improved by adopting a higher order delay model. The efficiency of link insertion can be further improved by considering skew permissible ranges [21] so that links are inserted only between nodes with tight permissible ranges. These potential improvements will be explored in our future research.
